In cleaving Xenopus eggs, exposure to nocodazole or cold shock prevents the addition of new plasma membrane to the cleavage plane and causes furrows to recede, suggesting a specific role for microtubules in cytokinesis. Whole-mount confocal immunocytochemistry reveals a ring of radially arranged, acetylated microtubule bundles at the base of all advancing cleavage furrows, from the first cleavage through the midblastula stage. We hypothesize that this novel microtubular structure is involved in transporting maternal stores of membrane in the subcortex to a site of membrane addition near the leading edge of the furrow. ᭧ 1998 Academic Press
INTRODUCTION
amphibian eggs is inserted in large amounts along the new basolateral surfaces between dividing blastomeres (Bluemink In animal cells, cytokinesis begins in late anaphase with and deLaat, 1973). The new plasma membrane has a compothe formation of a thickened cortical band of microfilasition different from that of the original egg surface (Bieliavments, the contractile ring (Schroeder, 1970 (Schroeder, , 1972 Szollosi, sky et al., 1992; Byers and Armstrong, 1986; Kalt, 1971; . Constriction by the contractile ring produces a cleav- Sanders and Singal, 1975) . The source of the new membrane age furrow that advances inward to bisect the cell in a plane includes a pool of post-Golgi vesicles produced during ooperpendicular to the mitotic spindle. This precise geometry genesis, contributing membrane lipids, glycoproteins, and has long been thought to depend on interactions between extracellular matrix components to the growing surface the astral microtubules and the cortex (Rappaport and Rap-(Leaf et al., 1990; Servetnick et al., 1990) . Although basolatpaport, 1974) , although recent studies suggest that the posierally targeted membrane glycoproteins are known to aption of the contractile ring is defined via localized interacpear very quickly in newly deposited membranes (Choi et tions between telophase disk components and the cortex al., 1990; Gawantka et al., 1992; Roberts et al., 1992) , the (Earnshaw and Cooke, 1991; Eckley et al., 1997; Margolis actual site or sites of vesicle fusion within the new memand Andreassen, 1993) . It is generally thought that, once brane domain have not been identified. established, the contractile ring can function without mi-
The cytoskeletal and molecular events regulating memcrotubules, as suggested by experiments in which colchibrane growth in the furrow are not currently understood. cine-treated sea urchin embryos complete cell division (Ha- In Xenopus, membrane addition readily proceeds in the abmaguchi, 1975). However, microtubule-depolymerizing sence of a contractile ring following disruption with cytoagents applied after furrowing has begun can block its comchalasin B (Bluemink, 1971; Bluemink and deLaat, 1973) or pletion in amphibian eggs (Sawai and Yomota, 1990 ) and in interference with actin-regulating rho-family GTPase functissue culture cells (Cao and Wang, 1996; Wheatley and tion (Drechsel et al., 1997) . The observation that furrows Wang, 1996) . Nevertheless, no specific role for microtubules in Xenopus and Cynops eggs regress following treatment in the late events of cytokinesis has been defined.
with microtubule-disrupting drugs (Sawai, 1992 ; Sawai and The rapid increase in surface area accompanying cell divi- Yomota, 1990) suggests the possibility that microtubules are involved in membrane addition during cytokinesis. sion creates a demand for new plasma membrane, which in were individually cold shocked as above at approximately 10-min Microtubules have already been shown to be involved in intervals, returned to 20ЊC for 2 min, and then scored via stereomia number of important events during early Xenopus develcroscopy to determine the proportion undergoing rupture. To miniopment. In addition to their role in meiosis and mitosis, mize variation in exposure times, transfers were performed with microtubules are implicated in processes that result in spaprechilled Pasteur pipets.
tial organization of the embryo, including transport to the oocyte cortex of RNAs important for embryonic patterning Fixation and Whole-Mount Immunocytochemistry (Yisraeli et al., 1990) , gathering and internalizing of germ Procedures for examining microtubules in cleaving Xenopus eggs plasm during the first two cell cycles (Ressom and Dixon, resembled protocols developed by Gard (1993) for Xenopus oocytes, 1988; Savage and Danilchik, 1993) , as well as rotation of except that Taxol was omitted from the fixative. Thus, embryos the vegetal yolk mass to set up the dorsal-ventral axis (Elinwere fixed in 3.7% formaldehyde (Mallinckrodt), 0.25% glutaraldeson and Rowning, 1988) . The possibility that microtubules hyde (Polysciences), and 0.2% Triton X-100 in microtubule assemalso have a role in delivery of vesicles to growing cleavage bly buffer (80 mM K-Pipes, pH 6.8, 5 mM EGTA, 1 mM MgCl 2 ) for 2 membranes would provide another example of their sigto 4 h and then postfixed in 020ЊC methanol overnight. Pigmented nificance in organizing the embryonic body plan, since all embryos were bleached in a solution of 10% hydrogen peroxide and 67% methanol for 1 to 2 h on a light table. Bleached embryos receptor-mediated, cell-cell interactions depend on the were then rehydrated with three 10-min rinses in phosphate-bufcomposition of the membranes deposited between cells. In fered saline (PBS: 128 mM NaCl, 2 mM KCl, 8 mM NaH 2 PO 4 , 2 mM this study, we use confocal microscopy to examine the cy-KH 2 PO 4 , pH 7.2) and incubated for 6 to 16 h at room temperature in toskeletal structures associated with cleavage furrows and 100 mM NaBH 4 in PBS to reduce unreacted aldehydes (Gard, 1991) .
find a distinctive, ring-shaped array of microtubule bundles Specimens were next washed with five half-hour rinses in Trisin the cytoplasmic bridge that may function to recruit vesibuffered saline (TBS: 155 mM NaCl, 10 mM Tris-Cl, pH 7.4, 0.1% cles toward a site of fusion near the base of the cleavage Nonidet P-40). To facilitate staining of deeper regions, embryos furrow.
were bisected parallel or perpendicular to selected cleavage planes with a sharp razor blade fragment prior to antibody treatment. Specimens were incubated overnight at 4ЊC with mouse monoclonal antibodies directed against ab-tubulin (East Acres Biologicals) or
MATERIALS AND METHODS
acetylated tubulin (6-11B-1; Sigma). Controls included mouse monoclonal IgGs directed against irrelevant antigens. All antibod-
Eggs and Embryos
ies were diluted in TBS containing 10% fetal bovine serum and 5% DMSO. After primary antibody incubations, embryos were washed Adult Xenopus laevis females were induced to ovulate by injecting human chorionic gonadotropin (Sigma, 800 units per frog) with five 1-h rinses in TBS, incubated overnight at 4ЊC with TRITCconjugated goat anti-mouse IgG (Sigma), and finally washed with into the dorsal lymph sac 18 h (at 16ЊC) prior to use. Eggs were stripped into a petri dish and fertilized by adding macerated testis five 1-h rinses in TBS. Embryos were dehydrated in methanol and cleared in Murray's Clear (benzyl benzoate:benzyl alcohol, 2:1) and MMR/3 (MMR: 100 mM NaCl, 1.8 mM KCl, 2.0 mM CaCl 2 , 1.0 mM MgCl 2 , 5 mM Hepes, pH 7.5). Fifteen minutes after fertil- (Klymkowsky and Hanken, 1991) . ization the eggs were dejellied in 2.5% cysteine in MMR/3 at pH 8.0. Eggs were then washed in four rinses of MMR/3 and cultured
Confocal Microscopy
in the same medium at room temperature (18-21ЊC).
Live and fixed specimens were examined with a Bio-Rad MRC-500 confocal laser-scanning microscope, mounted on a Zeiss Axiovert 10 inverted compound microscope equipped with a rotating
Cytoskeletal Disruption with Mitotic Inhibitors
stage and 10X/0.3 and 63X/1.25 Plan-Neofluar objectives. A KrohnHite 3202 tunable high-/low-pass filter (set to cut off at about 100 Stock solutions of nocodazole, cytochalasin B, and cytochalasin kHz) was connected in-line between the scan head and the distribu-D (Sigma) in DMSO were diluted to concentrations of 10 mg/ml in tion board to improve the signal to noise ratio. Fluorescent emisdeionized water or MMR/3 and applied to embryos at specified sions were detected with a rhodamine (GHS) filter set. Most images times during early development. Paclitaxel (''Taxol''; Sigma) was were obtained as projected stacks of Kalman averages of five slow dissolved in DMSO at 10 mg/ml, and 0.5 nl was then microinjected scans. For stereo pairs and rotated projections, vertical stacks of 20 into the animal hemisphere prior to appearance of the first or secto 50 optical slices were collected at approximately 0. search for microtubules in the cleavage plane and discovIn amphibian embryos, cleavage is unipolar: furrowing begins at the animal pole with the appearance of stress folds ered an unusual microtubule-containing structure near the advancing edge of the furrow. We will herein refer to this that mark the development of a contractile actomyosin band in the cortex. As the furrow advances around the surstructure as the furrow microtubule array (FMA). Figure 1 shows this structure in the cytoplasmic bridge in embryos face of the egg toward the equator, it begins deepening near the animal pole. About 9 min after furrow initiation, a dofixed 20-24 min after initiation of the first cleavage furrow. In a view parallel with the first cleavage plane (Figs. 1A and main of new surface membrane begins to form between the nascent blastomeres (Bluemink and deLaat, 1973) . As noted 1B), a circular array of short (Ç15-40 mm), thick microtubule bundles is seen to trail behind the advancing edge of by Byers and Armstrong (1986) and Bieliavsky and Geuskens (1990) , this new domain remains separate from the preexthe furrow. In a section perpendicular to the cleavage plane (Fig. 1C) , these bundles are seen to form a V-shaped array, isting egg surface. In the fixed embryos shown in Fig. 1A , the boundary between new and old domains can be seen as with the apex a few microns in advance of the furrow's leading edge. As shown in Fig. 1D , most of the microtubule a dark, pigmented line at the base of the stress folds (black arrow). From examination of eggs fixed at successive 4-min bundles do not extend across the apex; rather, their ends interdigitate at the furrow's leading edge, forming a disconintervals during the second cell cycle, it is apparent that the FMA appears at about the same time that the new memtinuous staining pattern. Some bundles do span the furrow; these lie generally deeper in the cytoplasm than do the disbrane domain begins growing. As the new domain begins expanding, radially aligned microtubule-containing bundles continuous bundles. appear at the cytoplasmic bridge (white arrow). The circular Numerous stress folds are generated in this region by the polarized contraction of the cortex. There are relatively few array of microtubule bundles shrinks in diameter, accompanying the closure of the cytoplasmic bridge. Thus, the mimicrotubules in the immediate vicinity of the stress folds. In contrast, thick bundles of midzone microtubules abound crotubule bundles are always found at the leading edge of the rapidly expanding domain of new surface membrane, a in the cytoplasmic bridge, deep to the advancing furrow. Many of these bundles are branched or tufted at their distal tantalizing arrangement that suggests a functional role for microtubules in membrane addition.
ends (arrowheads), and most are roughly parallel with the spindle axis. With the assembly and passage of the contracTo observe the initial assembly of microtubule bundles in the vicinity of the furrow, we examined stereo pairs gentile ring, however, the bundles appear to be dragged into a new, radial alignment (arrow). These results suggest that erated from serial confocal image stacks taken of specimens fixed shortly after cleavage began. About 3 min after the some FMA microtubules originate as bundles in the midzone. However, based on the apparent lack of midzone mifurrow appears ( Fig. 2A) , a distinctive microtubule-free cortical zone, about 5 mm thick, lies directly beneath the furcrotubules in the vegetal hemisphere (see Figs. 3 and 4) and also the cold shock experiments described below, the FMA row and extends into the cortex underlying the stress folds on either side. Below the cortex at the base of the furrow, fibers can form de novo. numerous thick, relatively short (Ç10-40 mm) microtubule bundles form a loose, tangled meshwork that extends Microtubules Are Required for Furrowing and through a localized region some 70 mm below the surface.
Membrane Deposition during Cleavage
These bundles can be readily distinguished from the longer, thinner, nearly parallel polar microtubule bundles deeper
We used video time-lapse to record effects of a microtubule-disrupting agent, nocodazole, on cleavage in Xenopus in the cytoplasm of the incipient cleavage plane. Some of the thick bundles are branched or tufted and appear to be embryos. When applied up to about 0.95 of the first cell cycle, i.e., before appearance of the cleavage furrow, nocodacontinuous with spindle fibers, but in the immediate vicinity of the prospective cleavage plane, many have oblique zole completely blocked cytokinesis and no furrow developed, consistent with the well-established idea that the miorientations (arrowhead) relative to the spindle axis. By about 9 min after appearance of the furrow (Fig. 2B) , about totic apparatus is required for defining the position of the contractile ring. When nocodazole was applied after appearthe time that membrane addition begins, the meshwork of microtubule bundles directly under the surface of the furance of the cleavage furrow, the leading edges of the furrow, as manifested by shallow stress folds in the surface, continrow has condensed considerably and has aligned to form the thick, V-shaped FMA. Below the FMA, an array of Ç20-ued to progress around the egg surface for some distance. However, in the wake of the relaxing stress folds, the furrow mm-long, parallel microtubule bundles with a characteristic central discontinuity develops in the prospective cleavage failed to deepen and quickly subsided, leaving behind disturbances in the cortical pigmentation (Fig. 7) . No new memplane (Fig. 2B, arrowheads) . These bundles will be referred to provisionally as midzone microtubules to reflect their brane domain developed. When microfilament-disrupting agents, cytochalasin B or resemblance to the overlapping, antiparallel interpolar bundles often seen in the midzone in various somatic cells cytochalasin D, were applied to cleaving embryos, stress folds quickly relaxed and furrows subsided. As shown preduring late anaphase or telophase.
In the animal hemisphere, the midzone array extends viously (Bluemink and deLaat, 1973) , a domain of unpigmented membrane then began growing at the original site of through a region several hundred microns in advance of the furrow (Figs. 3A and 3B, mz) . In the vegetal hemisphere, the furrow (Fig. 8 ). This domain of new membrane increased steadily in area for several cell-division cycles, eventually a similar, but much less extensive array of microtubules develops in the midzone in advance of the furrow base covering nearly half of the animal hemisphere surface. To test whether this localized addition of new membrane (Fig. 4) .
Circular FMAs were present in every cleavage plane exin cytochalasin-treated embryos is microtubule-dependent, we applied nocodazole at different times following cytochaamined up to the midblastula stage (through stage 7). In contrast, after the midblastula stage, slender midbodies, relasin D treatment. As shown in Table 1 , nocodazole blocked appearance of the new membrane domain, particularly sembling those of somatic cells, develop in the cytoplasmic bridge (Fig. 5) .
when applied soon after furrow initiation. Time-lapse analysis (not shown) indicated that this blockage of membrane The sequence shown above in Fig. 2 suggests that the furrow microtubule bundles form from midzone microtugrowth occurred within minutes of application of nocodazole. These results confirm that microtubules are involved bules concentrated and aligned by the action of the contractile ring. This possibility was investigated by examining in depositing new membrane between blastomeres. The fact that new membrane delivery continues actively the appearance of microtubules in a transition zone at the leading edge of the first cleavage furrow. In the stereo pair in cytochalasin-treated embryos prompted us to examine the region of membrane insertion for the presence of microshown in Fig. 6 , one leading edge of the furrow is seen in its advance from the upper right toward the lower left corner.
tubules. As shown in Fig. 9 , a prominent FMA persists in the region of new membrane addition during and after the treated embryos, suggesting that the FMA is directly involved in membrane addition. relaxation of the cleavage furrow. Importantly, microtubule bundles retain association with the surface in cytochalasinCold shock, which reversibly depolymerizes microtu-the first cleavage, but only after furrows were present. Nearly all embryos cold-shocked between the 16-and 64-cell stages (cleavage cycles 3 to 5) ruptured. Embryos became progressively less cold-sensitive at later cleavage stages, when FMAs are no longer present. We hypothesize that rupture occurred upon warming because the contractile ring resumed its advance before a microtubule-dependent membrane system had time to reassemble; the demand for increased surface area then quickly exceeded the available new membrane to cover it. In an experiment to test this idea, we applied cytochalasin B to embryos just before the cold shock/warming treatment. Rupture was prevented in all embryos that were first treated with cytochalasin B (30 of 30 cases), while in the parallel control, i.e., those without cytochalasin B, 47% of embryos ruptured (15 of 32 cases). Thus, it is the demand for increased surface area during furrowing, rather than a specific effect of cold on the properties of the new membrane, that caused rupture. These results reveal that rapid membrane growth along the cleavage bules, was also used to examine the importance of microtubules in membrane addition. Embryos were shocked briefly with 4ЊC culture medium (Scharf and Gerhart, 1983) and then allowed to recover by warming to room temperature. peared, despite the fact that neither midzone nor spindle microtubules had returned to the cytoplasmic bridge (Fig.  11C ). This result demonstrates that the FMA does not represent simply a gathering of spindle fibers, but also involves polarized microtubule nucleation and assembly near the base of the furrow. Although confocal analysis presented in Fig. 6 suggests that the FMA could form by realigning and accumulating preexisting spindle or midzone microtubules along the contractile ring, we propose that at least some of the FMA microtubules initiate at and grow away from the furrow's leading edge.
Microtubule Stabilization Affects Basolateral Membrane Growth
At high concentrations, paclitaxel stabilizes microtu- bules by enabling their side-to-side association and interMicrotubule staining pattern in animal hemisphere, revealing midbodies, spindles, and asters, but no circular FMAs. Dark cavity in feres with vesicle transport (Hamm-Alvarez et al., 1993;  lower right corner is the blastocoel. Bar Å 50 mm.
Terasaki and Reese, 1994). Injection of paclitaxel (in DMSO)
into the animal hemisphere of eggs at 0.80 to 0.90 of the first cell cycle effectively blocked furrowing and membrane insertion near the site of injection in 93% of embryos (27 plane must accompany closure of the contractile ring; in the absence of microtubules, possibly those of the FMA, of 29 cases) (Fig. 12A ), while injection of DMSO alone at a similar site and time allowed normal cleavage in 83% of this localized growth does not occur.
The cold shock experiments also shed light on the origin embryos (15 of 18 cases) (Fig. 12B) . Induction of extensive tubulin sheets in the cleavage plane by paclitaxel was conof the FMA and its relationship to other microtubules of the cleavage plane, i.e., midzone and spindle fibers. Embryos firmed by antitubulin staining (Fig. 12C) . Although the presence of tubulin sheets probably also interferes with the clofixed at various stages following room-temperature recovery were examined via confocal microscopy. FMA and spindle sure of the contractile ring, the complete absence of a new membrane domain at the site of injection is consistent with microtubule bundles (Fig. 11A ) quickly depolymerized following cold shock (Fig. 11B) . Within 5 min after return to vesicle transport being specifically blocked by this treatment. room temperature, the microtubules of the FMA reap-FIG. 6. Stereo pair showing microtubule distribution in cortex underlying stress folds near the advancing edge of the first furrow, about halfway between the animal pole and equator. Projections were generated from a confocal image stack corresponding to 30 mm of total depth through the specimen as described under Materials and Methods. Embryo was fixed 6 min after the appearance of the first cleavage furrow and fractured parallel to the cleavage plane. Arrowheads: examples of distal branching of the midzone microtubule bundle. Arrows: newly aligned furrow microtubule bundles. peared across the entire animal surface (Fig. 13A) . Indirect In all of the embryos, new membrane was inserted in the furrow (0 min). At times indicated, groups of embryos were then currently progressing furrow in greater amounts than norwithdrawn and transferred to MMR/3 containing both cytochalasin mal (Fig. 13C) . Confocal images of fixed eggs immuno-B and nocodazole at 10 mg/ml. Embryos were scored for the presence of unpigmented patch at /20 min.
stained for tubulin revealed a denser-than-normal network of microtubules in the cytoplasm of eggs treated with D 2 O midbodies of telophase mouse embryos (Schatten et al., 1988) . We used 6-11B-1 antibody (Piperno et al., 1987) to at first cleavage (not shown). The ability of eggs treated at about the time of first cleavage to continue cleaving further reveal the distribution of acetylated a-tubulin in the furrow. Numerous small 6-11B-1-positive bodies were found in the demonstrates that D 2 O-stabilized microtubules, which are capable of transporting vesicles, still deliver new memcytoplasm until the early stages of cleavage, but acetylated microtubules were not observed until the FMA appeared, brane, in this case without disrupting furrowing by the contractile ring.
at about the onset of new membrane growth (Figs. 14A-14C ). After membrane growth began, 6-11B-1-positive microtubule bundles appeared in the FMA. However, midzone
Furrow-Associated Microtubules Are Acetylated
microtubules did not appear to become acetylated at any time during cleavage. In contrast, after stage 7, when FMAs Postassembly acetylation accompanies stabilization of microtubules in various subcellular structures (Webster and were no longer present, acetylated midbody microtubules appeared (Fig. 14D) as previously observed by Chu and Borisy, 1989), including midzone microtubule bundles and Klymkowsky (1989) . Based on their slender, linear appearance, these acetylated bundles represent only a subset of the entire midbody microtubules seen in Fig. 5 .
DISCUSSION
Our results describe the development of a prominent array of short, acetylated microtubule bundles in the cleavage furrows of dividing Xenopus embryos, a structure we call the FMA. The bundles of the FMA are located just deep to the progressing cleavage furrow and run radially from the cytoplasmic bridge, an orientation that suggests an active role in the furrowing process. As each furrow extends across the surface of the dividing blastomere, the FMA, which starts as an arc, expands to eventually form a ring at the known to occur (Bluemink and deLaat, 1973) . Thus, the In animal cells undergoing cytokinesis, a midbody develvelop in Xenopus eggs more or less directly between the spindle poles. In the earliest cleavages, the spindle is situops as a collection of short microtubule bundles in the midzone between the separated spindle poles. The midbody has ated in the animal hemisphere; thus, midzone microtubules are not seen elsewhere in the prospective cleavage plane classically been interpreted as a remnant of spindle microtubules trapped in the contractile ring. Recently, however, (Fig. 3) . Nevertheless, as shown in Fig. 4 , FMA bundles develop abundantly in the vegetal portion of the furrow. These Shu et al. (1995) found that g-tubulin appears transiently in the cleavage plane of mammalian cells, a result suganimal-vegetal differences are summarized in Fig. 15 . Finally, we have shown that FMAs reassemble quickly in the gesting that the midbody, like the FMA, may have an origin independent of polar microtubules. Likewise, it was not absence of interpolar fibers during the recovery following cold shock (Fig. 11) . Cold treatment effectively depolymerclear whether the FMA forms de novo or instead develops via a more trivial process, i.e., by action of the contractile izes all microtubules in the prospective cleavage plane, including those of the FMA, midzone, and spindle. The FMA's ring to concentrate cortical or midzone microtubules. Indeed, the data shown in Figs. 2 and 6 indicate that in the rapid reappearance upon warming, independent of other microtubules, indicates a site of microtubule nucleation near animal hemisphere, astral microtubule bundles do realign with the passage of the contractile ring. However, this kind the furrow base. In plant cells, microtubules have well-established roles of process cannot account for the bulk of the FMA structure. First, as shown in Fig. 1D , the microtubule bundles in the in cytokinesis, including that of directing Golgi-derived ves- icles toward the growing cell plate (reviewed in Gunning, preted as remnants of the mitotic apparatus, with the implication that they play no further role in furrowing (Selman 1982) . In contrast, during animal cell cytokinesis, potential functions of microtubules have been generally overlooked, and Perry, 1970) . A few studies have proposed a mechanical or supportive role for midbody microtubule bundles, e.g., perhaps owing to the robustness of the contractile ring model (reviewed in Rappaport, 1996) . In classic models of in the cytoplasmic bridges of ciliates (Tucker, 1971) and in early cleavages of Ilyanassa (Conrad et al., 1992) . animal cell cytokinesis, which are based largely on work with echinoderm eggs, the sole function of microtubules
The response of amphibian embryos to microtubule assembly inhibitors may differ from that of cleaving echinoid following chromosome separation in anaphase is to provide a stimulus to the cortex to define the location of the actoembryos. Sea urchin embryos exposed to colchicine can complete cleavages initiated before drug treatment (Hamamyosin contractile ring (Devore et al., 1989; Oegema and Mitchison, 1997; Rappaport and Rappaport, 1974) . In early guchi, 1975; see also Rappaport, 1996) . Thus, it is generally accepted that, by the time a furrow appears, its progression ultrastructural studies (e.g., Gulyas, 1973; Kalt, 1971) , microtubules in the cleavage plane were generally identified has become independent of microtubules. In contrast, in amphibians, the furrowing mechanism remains microtuas components of the midzone or midbody and often inter- bule-dependent for much longer, perhaps until cleavage is specific structure in amphibian embryos for localized targeting of membrane insertion. We are currently examining completed. Sawai and Yomota (1990) and Sawai (1992) observed furrow regression in amphibian eggs following expoother eggs and cells with emphasis on the distribution of microtubules in the vicinity of the furrow. sure to colchicine and proposed that microtubules are required for propagation of the furrow around the egg surface.
The evidence provided here strongly supports the hypothesis that microtubules function in the growth of new Recent evidence indicates that in mammalian tissue culture cells, midzone microtubules are required for closure of the plasma membrane along the cleavage plane. In apparent contrast to this, Roberts et al. (1992) showed that vesicles cytoplasmic bridge (Wheatley and Wang, 1996) . Likewise, Katsumoto (1993) proposed that the midzone microtubules containing a basolaterally targeted viral glycoprotein can incorporate into established basolateral membranes in nointeract directly with cortical microfilaments to initiate furrow formation. It is possible that mammalian tissue culture codazole-arrested eight-cell embryos, indicating that vesicle fusion per se does not require intact microtubules. Howcells also contain both FMA and midzone bundles but that the two structures cannot be resolved in the cytoplasmic ever, this addition of vesicles to preexisting basolateral domains probably represents a process independent of the bridge of such small cells. Midbodies could be involved in anaphase functions of the mitotic apparatus, with the FMA rapid growth of the new membrane and does not preclude the role of microtubules in the recruitment of membrane carrying out more furrow-related functions in cytokinesis. On the other hand, since amphibian eggs, apparently unlike stores during cleavage. How furrow-associated microtubules function in estabcultured mammalian cells or sea urchin eggs, add relatively large amounts of new plasma membrane to the cleavage lishing the new basolateral domain during cytokinesis remains enigmatic. The FMA might play a direct role in memplane itself during cytokinesis, the FMA may represent a   FIG. 15 . Summary of animal-vegetal differences in the development of early FMAs. In the animal hemisphere, a meshwork of fibers develops directly beneath the early furrow. Discontinuous midzone bundles are found generally deeper in the cytoplasm, between the spindle poles. As the furrow deepens and new membrane is inserted along the cleavage plane, a prominent FMA develops at the furrow base, possibly by condensation of the earlier meshwork. Discontinuous midzone bundles precede the furrow; whether they are ultimately incorporated into the FMA or are passed by during the furrow's advance is uncertain. In the vegetal hemisphere, the FMA develops largely in the absence of midzone bundles.
